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Abstract.  Tannic acid in glutaraldehyde fixatives 
greatly enhanced the visualization of two developmen- 
tally and morphologically distinct stages in glomerular 
basement membrane (GBM) formation in newborn rat 
kidneys. First, in early stage glomeruli, double base- 
ment membranes between endothelial cells and podo- 
cytes were present and, in certain areas, appeared 
to be fusing. Second, in maturing stage glomeruli, 
elaborate loops and outpockets of basement membrane 
projected into epithelial, but not endothelial, sides of 
capillary walls.  When Lowicryl thin sections from 
newborn rat kidneys were sequentially labeled with 
rabbit anti-laminin IgG and anti-rabbit IgG-colloidal 
gold, gold bound across the full width of all GBMs, 
including double basement membranes and outpockets. 
The same distribution was obtained when sections 
from rats that received intravenous injections of rabbit 
anti-laminin IgG 1 h before fixation were labeled 
directly with anti-rabbit IgG-colloidal gold. When 
kidneys were fixed 4 d after anti-laminin IgG injec- 
tion, however,  loops beneath the podocytes in matur- 
ing glomeruli were usually unlabeled and lengths of 
unlabeled GBM were interspersed with labeled 
lengths. In additional experiments, rabbit anti-laminin 
IgG was intravenously injected into newborn rats and, 
4-14  d later,  rats  were re-injected with sheep 
anti-laminin IgG.  Sections were then doubly labeled 
with anti-rabbit and anti-sheep IgG coupled to 10 and 
5 nm colloidal gold, respectively.  Sheep IgG occurred 
alone in outpockets of maturing glomeruli and also in 
lengths of GBM flanked by lengths containing rabbit 
IgG.  These results indicate that, after fusion of double 
basement membranes, new segments of GBM appear 
beneath developing podocytes and are subsequently 
spliced into existing GBM. This splicing provides the 
additional GBM necessary for expanding glomerular 
capillaries. 
T 
HE renal glomerular basement membrane (GBM) ~  is 
approximately twice the thickness of most other base- 
ment membranes, measuring ~150 nm in rats (8). One 
reason for its increased thickness is that the GBM originates 
during development from the apparent fusion or union of  two 
basement membranes: one beneath the vascular endothelium 
and one beneath the overlying podocytes or visceral epithe- 
lium of Bowman's capsule  (14, 24-26,  29).  This  fusion is 
probably  physiologically  significant,  since,  in addition  to 
creating a thicker matrix,  it results in a double layer of an- 
ionic sites in the lamina rara interna and externa that is im- 
portant in establishing a charge barrier to serum proteins (11, 
13). The fusion of dual basement membranes generally takes 
place in glomeruli in early stages of nephrogenesis, however, 
when  capillary  diameters  are relatively  small.  With con- 
tinued  development,  the  endothelium  flattens  against  the 
GBM  and  becomes  fenestrated.  The  podocytes form  foot 
processes  that  interdigitate  with  processes  from adjacent 
podocytes, attach to the outer surface of the GBM (23), and 
acquire polyanionic surface coats (17, 23). These events take 
1.  Abbreviations used  in  this paper:  GBM,  glomerular basement mem- 
brane; HRP,  horseradish peroxidase. 
place as glomerular capillary loop diameters are increasing 
(7, 9, 15), but the mechanism for the assembly of additional 
GBM in these expanding capillaries has not been examined 
in detail. 
Previous immunofluorescent labeling studies have shown 
that laminin (10), type IV collagen, and heparan sulfate pro- 
teoglycans (21) are all present within developing GBMs. In 
earlier  immunoelectron microscopy experiments, we intra- 
venously  injected  anti-laminin  IgG  coupled  directly  to 
horseradish peroxidase (HRP) into newborn rats (2). This la- 
beled basement membranes of glomeruli in all stages of de- 
velopment, from embryonic in the outer renal cortex to al- 
most mature in the inner cortex. In addition, we identified, 
in maturing  stage glomeruli  in the inner cortex,  extensive 
loops of apparently newly synthesized basement membrane 
material located between and beneath developing foot pro- 
cesses of podocytes. These loops were not induced in im- 
mature rats by the intravenous injection of anti-laminin IgG 
because identical structures were also identified within glo- 
meruli of  normal, uninjected newborns. These loops are nor- 
mally not seen in adult glomeruli,  however. In the studies 
presented  here,  we have used techniques  for labeling de- 
veloping GBM in vivo for postembedding immunogold elec- 
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The Journal of Cell Biology, Volume 103 (No. 6, Pt.  1), Dec. 1986 2489-2498  2489 Figure 1.  Electron micrograph of early developing capillary loop stage glomerulus from a  newborn rat kidney fixed with  1%  tannic acid 
in glutaraldehyde. A  double basement membrane ([a]  and [b]) between the endothelium (En) and epithelium (Ep) is clearly visible. The 
two basement membranes are closely apposed on the left of the figure (arrows) and may be in the process of fusing. CL, capillary lumen. 
Bar,  0.2  ~tm. 
tron microscopy. Our results indicate that the loops of base- 
ment membrane seen beneath the epithelium in maturing 
glomeruli of newborn rat kidneys are spliced into existing 
GBM as glomerular capillaries undergo expansion. 
Materials and Methods 
Proteins and Reagents 
Laminin was purified from the routine Englebreth-Holm-Swarm sarcoma 
by salt extraction, ion exchange, and gel filtration chromatography (1, 27), 
and characterized as previously described (1). Rabbit and sheep anti-lami- 
nin  IgGs  were  purified  from  sera  collected from  immunized  animals, 
affinity-isolated from  columns  of laminin-Sepharose,  and  shown to  be 
highly specific for laminin (1-3).  Laminin-adsorbed rabbit and sheep IgGs 
and commercially prepared IgGs (Cooper Biomedical, Inc., Malvern, PA) 
were used in control experiments. Anti-laminin and control IgGs were con- 
jugated directly to activated HRP (type VI, Sigma Chemical Co., St. Louis, 
MO) (22) as before (1-3).  Goat anti-rabbit IgG coupled to 10-nm diameter 
colloidal  gold  was  obtained  from Janssen  Pharmaceutica  (Beerse,  Bel- 
gium). Rabbit anti-sheep IgG coupled to 5 nm colloidal gold was purchased 
from E.  Y.  Laboratories, Inc., San Mateo, CA. 
Experimental Procedures 
Newborn Sprague-Dawley rats (Southern Animal Farms, Prattville, AL) 
were anesthetized with ether 2 d after birth. They then received intravenous 
injections of 0.3  ml  of affinity-purified rabbit  anti-laminin  IgG,  rabbit 
anti-laminin IgG-HRP, or control IgGs (l.0 mg IgG/ml) via the saphenous 
vein.  For double labeling experiments, rats were re-anesthetized 4-14  d 
later, and these animals then received intravenous injections of 0.4-0.5 ml 
affinity-purified sheep anti-laminin IgG. 
Tissue Processing 
The left kidneys from anesthetized rats were clamped at the hilus and the 
appropriate fixative solution was simultaneously injected into the cortices. 
Kidney tissues from newborns that had not received IgG injections were 
fixed in 1% glutaraldehyde and 1% tannic acid in 0.1  M phosphate buffer, 
pH 7.3, for 2 h, postfixed in 2% osmium in 0.1 M phosphate buffer for 2 h, 
routinely dehydrated in ethanol, and embedded in epoxy resin (Embed 812; 
Electron Microscopy Sciences, Fort Washington, PA). For postembedding 
colloidal gold immunolabeling, cubes of kidney cortex from uninjected rats 
and those that received anti-laminin IgG or control IgG, were fixed for 2 h 
in 4%  formaldehyde (freshly prepared from paraformaldehyde) in 0.1  M 
phosphate buffer, pH 7.3. Postfixation with osmium was omitted to preserve 
immunoreactivity. Tissue was dehydrated in dimethylformamide and em- 
bedded at 4°C in Lowicryl K4M medium (Polysciences, Inc., Warrington, 
PA) using methods described previously (6) with modifications (4). Kidneys 
from rats injected with IgG-HRP conjugates were fixed, processed for per- 
oxidase histochemistry (12), and routinely dehydrated and embedded as be- 
fore (1-3). 
Postembedding Immunolabeling with Colloidal Gold 
All solutions for postembedding immunolabeling, except colloidal gold- 
IgGs, were filtered through a 0.22-~tm cellulose  acetate membrane (Coming 
Glass Works, Coming, NY) before use. The colloidal gold-IgGs were cen- 
trifuged  for  5  min  at  7000  g  to  remove large  aggregates.  Analysis  of 
Formvar-coated grids of the colloidal gold-IgGs showed that ",,80%  of the 
gold particles occurred as singlets (4). Lowicryl sections, 70-nm thick, were 
picked up on uncoated 400-mesh nickel grids, treated for 1 h with 0.5  M 
ammonium chloride to inactivate residual aldehydes, and treated for an ad- 
ditional 1 h with 0.1% BSA in PBS to minimize nonspecific labeling. Sec- 
tions from each of two uninjected rats were then incubated sequentially in 
drops of 15 p,g/ml afffinity-purified rabbit anti-laminin IgG, or control IgG, 
and colloidal gold-anti-rabbit IgG using protocols described previously 
(4).  Lowicryl sections from six rats that received intravenous injections of 
rabbit anti-laminin IgG, or control IgG (two rats), were incubated directly 
with anti-rabbit IgG-colloidal gold for 64 h  at 4°C in sealed microfuge 
tubes. Incubations for shorter periods generally resulted in significantly less 
immunogold labeling with this technique. Sections from five rats that re- 
ceived dual injections of rabbit and sheep anti-laminin IgG, or control IgGs 
(one rat), were labeled first with anti-rabbit IgG-colloidal gold (10 nm) for 
64 h, washed in buffered BSA, and then treated for 24 h with 0.5% normal 
rabbit serum in buffered albumin.  Grids were then re-labeled with anti- 
sheep IgG-colloidal gold (5 nm) for 64 h. All grids labeled with immuno- 
gold were thoroughly washed with buffered albumin and finally with dis- 
tilled H20.  Lowicryl sections were then stained for 30 s with 2 % uranyl 
acetate and for 1 min with lead citrate. Electron microscopy was conducted 
with an accelerating voltage of 60 kV. Lengths of GBM from photographic 
prints were measured on a digitizing tablet using a computer morphometric 
program (R & M Biometrics, Inc., Nashville, TN) (2). Gold particle counts 
were expressed as number of colloidal gold particles per micrometer linear 
length of GBM. 
Results 
The  two  developmentally  and  morphologically  distinct 
stages of GBM assembly were clearly observed with the ad- 
The Journal  of Cell Biology,  Volume  103, 1986  2490 Figure 2. Capillary loop from maturing stage glomerulus of normal newborn rat kidney. Numerous irregular loops and outpockets of base- 
ment membrane (arrows) are present beneath differentiating foot processes of podocytes (Ep). Note that electron-dense and electron-lucent 
layers within these outpockets can be distinguished. Outpockets do not extend into the endothelial cell layer (En). In contrast to outpockets, 
double basement membranes are generally not observed in maturing stage glomeruli.  CL, capillary lumen; US, urinary space. Bar, 1.0 ~tm. 
dition of tannic acid  to aldehyde fixatives (Figs.  1 and 2). 
First, in early (S-shaped and developing capillary loop stage) 
glomeruli, the two laminae densae of double basement mem- 
branes between developing endothelial cells and podocytes 
were readily identified (Fig. 1). In some cases, the dual lami- 
nae densae were only narrowly separated and in these areas 
may have been  in  the  process of fusing  (Fig.  1).  In later, 
maturing  stage  glomeruli,  elaborate,  irregular  outpockets 
and loops of basement membrane projecting into the epithe- 
lial sides of capillary walls were often present (Fig. 2). These 
loops contained electron-dense  and electron-lucent  layers, 
probably corresponding to the lamina densa and lamina rara, 
and  were  otherwise  ultrastructurally  identical  to  mature 
GBM. Basement membrane outpockets were seen most fre- 
quently between and beneath podocyte foot processes under- 
going development and interdigitation (Fig. 2). Double base- 
ment  membranes  were  rarely  seen  in  glomeruli  in  these 
stages. 
Postfixation, Postembedding Colloidal Gold 
lmmunolabeling of  Laminin 
When Lowicryl thin sections of formaldehyde-fixed newborn 
rat kidneys were sequentially labeled with rabbit anti-lami- 
nin IgG and anti-rabbit IgG-colloidal gold,  gold particles 
bound  to  sections  specifically  overlying  basement  mem- 
branes (Fig. 3, a-c). In developing glomeruli at early stages, 
gold bound to both laminae densae of double basement mem- 
branes as well as to the lamina rara interna beneath the en- 
dothelium and the lamina rara externa beneath the epithe- 
lium (Fig. 3 a). There was little or no gold binding to the 
Abrahamson and Perry Assembly of Glomerular Basement Membranes  2491 Figure 3. Lowicryl sections of newborn rat kidney glomerular capillary walls from early capillary loop (a) and maturing stage (b and c) 
glomeruli labeled sequentially with rabbit anti-laminin  IgG and anti-rabbit IgG-colloidal gold.  (a) Both layers ([a] and [b]) of double 
basement membranes are labeled with anti-laminin  IgG. (b) In addition to the GBM of maturing giomeruli,  anti-laminin  lgG binds to 
intracellular vesicles within podocytes (arrow). (c) Anti-laminin  IgG is present across the full width of the GBM, binding in large amounts 
to the lamina densa (/d). Antilaminin is also present throughout the full extent of the basement membrane outpocket beneath the epithelium 
(arrows). En, endothelium;  Ep, epithelium;  US, urinary  space. Bar, 0.t5 ~m. 
central  region  between  the  two  basement  membranes 
when  the  two  laminae  densae  were  widely  separated, 
however  (Fig.  3  a).  In  glomeruti  at  later  developmental 
stages, the full width of the GBM was labeled (Fig. 3, b and 
c).  In addition,  gold bound to intracellular vesicular struc- 
tures within the glomerular epithelium (Fig. 3 b). The base- 
ment  membrane  outpockets  found  in  maturing  glomeruli 
were  labeled  with  anti-laminin  IgG throughout  their  full 
dimensions (Fig.  3 c).  Gold was also present in the lamina 
rara interna,  lamina densa,  and lamina rara externa of the 
GBM, but appeared to occur most frequently in the lamina 
densa (Fig. 3 c). Anti-rabbit IgG-colloidal gold did not bind 
to Lowicryl sections treated with control, laminin-adsorbed 
rabbit IgG (Fig.  4). 
In Vivo Labeling of  Laminin Detected by 
Postembedding Colloidal Gold Techniques 
To determine the GBM distribution of anti-laminin IgG in- 
troduced in vivo, Lowicryl sections from newborn rats that 
had  received  intravenous  injections  of rabbit anti-laminin 
IgG 1 h before fixation were treated directly with anti-rabbit 
IgG-colloidal gold. As shown in Fig. 5 a, gold bound exclu- 
sively and in high densities to the developing GBM. Intrave- 
nously injected anti-laminin IgG was also present through- 
out  the  full  extent of the  basement membrane outpockets 
characteristic of maturing glomeruli (Fig. 5 a) as seen previ- 
ously when anti-laminin IgG was applied to fixed tissue (Fig. 
3  c).  To evaluate whether  the distribution  of GBM-bound 
anti-laminin  IgG changed during  GBM assembly, rat kid- 
neys were fixed and processed for postembedding immuno- 
labeling 4,  5,  and  14 d after IgG injection.  Capillary loops 
in maturing stage glomeruli were then photographed and the 
numbers of colloidal gold particles bound to the GBM were 
counted and compared with what was seen  1 h after injec- 
tion. In general, a marked reduction in colloidal gold binding 
to Lowicryl sections was seen at 4  d and,  in particular,  the 
The Journal of Cell Biology, Volume  103, 1986  2492 Figure  4.  Lowicryl  section  sequentially treated with  control, 
laminin-adsorbed rabbit IgG and anti-rabbit IgG-colloidal gold. 
Gold does not bind to the GBM or elsewhere on the section. CL, 
capillary lumen; En, endothelium; Ep, epithelium; US, urinary 
space. Bar, 0.2 ~tm. 
GBM outpockets were often completely unlabeled (Fig. 5 b). 
Even less gold bound to sections from kidneys fixed 14 d after 
anti-laminin IgG injection (Fig. 5 c). However, gold gener- 
ally was not restricted to any one layer of the GBM and in- 
stead was grouped in small clusters across the full width. In 
addition, there were unlabeled lengths of GBM interspersed 
between labeled lengths (Fig. 5 c). Anti-rabbit IgG-colloi- 
dal gold did not bind to Lowicryl sections from control, 
uninjected rats, or rats that received injections of laminin- 
adsorbed rabbit IgG or commercial rabbit IgG. 
Anti-Laminin IgG-HRP Experiments 
Rats  that  had  received  intravenous  injections  of  sheep 
anti-laminin IgG coupled directly to HRP 1 h before fixation 
had peroxidase reaction product throughout all of their GBMs, 
as well as in the outpockets, in apparently uniform densities, 
as shown before (2).  When kidneys were fixed 4-6 d after 
anti-laminin IgG-HRP injection, however, GBMs in matur- 
ing stage glomeruli usually showed highly variable HRP re- 
action product (Fig. 6). Here, HRP labeling within capillary 
loops was often interrupted with weakly labeled and unla- 
beled lengths of GBM  (Fig.  6).  When present,  however, 
HRP  reaction product appeared  to  extend across  the full 
thickness of GBM except in areas underlying outpockets. In 
these  cases,  the  outpockets  were  usually unlabeled  with 
anti-laminin IgG, as previously shown with immunoperoxi- 
dase (2), and here with postembedding immunogold labeling 
techniques (Fig. 5 b). 
Double Labeling Experiments 
Lowicryl sections from rats that had received intravenous in- 
jections of rabbit anti-laminin IgG and sheep anti-laminin 
IgG at separate times of development were doubly labeled 
with anti-rabbit IgG and anti-sheep IgG coupled to 10 nm 
and  5  nm diameter colloidal gold,  respectively.  In these 
cases, the total amount of either colloidal gold binding to sec- 
tions was the same as  when sections were labeled singly 
(data reviewed but not shown). In doubly labeled sections 
from dually injected rats, the distribution patterns of rabbit 
and  sheep  anti-laminin IgG  in  maturing  stage glomeruli 
were  frequently different,  however.  In  rats  that  received 
sheep anti-laminin IgG 4-14 d after rabbit anti-laminin IgG, 
sheep, but not rabbit IgG, was often present within GBM out- 
pockets, whereas both IgGs were present together in GBM 
immediately beneath the outpockets (Fig. 7, a and b). In ad- 
dition, in areas of apparently completely assembled GBM, 
sheep anti-laminin IgG was also present alone in lengths that 
were flanked by lengths containing rabbit anti-laminin IgG 
(Fig. 7 c). 
Discussion 
The purpose of these experiments was to further study the 
process of  GBM assembly in developing kidneys. Our obser- 
vations indicate that in maturing stage glomeruli, newly syn- 
thesized matrix, which is probably derived mainly from the 
podocytes, is spliced into existing GBM. 
Laminin Distribution within Developing GBMs 
The results from this study with immunogold labeling con- 
firmed  earlier  experiments  with  immunoperoxidase  (2), 
showing that anti-laminin IgG bound to the full thickness of 
each of the double basement membranes found in early stage 
glomeruli.  Since this  double basement membrane  subse- 
quently appears to fuse, the mature GBM therefore probably 
contains at least a double layer of laminin. That both the en- 
dothelium and epithelium contribute to GBM formation has 
been previously shown in other studies using anti-type IV 
collagen antibodies (25). In later developmental stages, how- 
ever, double basement membranes were generally not pres- 
ent and anti-laminin IgG bound throughout the full width 
of the GBM between the endothelium and epithelium. Post- 
embedding  colloidal  gold  immunolabeling of laminin  in 
adult kidneys has similarly shown laminin throughout the 
full width of the mature GBM (4).  In addition, laminin was 
immunolocalized in newborn kidneys throughout the full ex- 
tent of the irregular loops of basement membrane material 
that projected into the epithelium of maturing stage glomer- 
uli.  Since these loops and outpockets ultrastructurally re- 
semble basement membranes,  contain electron-dense and 
electron-lucent layers corresponding to the lamina densa and 
lamina rara, and contain anionic sites in the electron-lucent 
layers as shown by labeling with cationized ferritin (5), we 
believe that they probably represent at least a precursor form 
of genuine GBM. Previous experiments suggested that these 
basement membrane loops were synthesized mainly by the 
epithelium  (2).  The  immunogold labeling  of laminin in- 
tracellularly within  maturing  podocytes,  but  not  the  en- 
dothelium in maturing glomeruli, therefore supports these 
earlier observations. 
Postembedding Localization of  Intravenously 
Injected Anti-Laminin IgG 
Techniques  were  developed  here  for  labeling  developing 
basement membranes in vivo with the intravenous injection 
of anti-laminin IgG,  and then detecting this GBM-bound 
IgG with postembedding colloidal gold immunolabeling pro- 
cedures. In kidneys from animals that had received injections 
1 h before fixation, gold was abundantly present throughout 
the full width of GBM as well as in the outpockets, as seen 
Abrahamson and Perry  Assembly  of Glomerular  Basement Membranes  2493 The Journal of Cell Biology, Volume  103, 1986  2494 Figure  6.  Micrograph of maturing stage glomerulus from a newborn rat that received anti-laminin  IgG conjugated directly to HRP 4 d 
before fixation. When present,  HRP reaction product extends across the full thickness of the GBM (arrows).  The reaction product is 
nonlinear, however, and is frequently interrupted with unlabeled lengths of GBM (arrowheads).  CL, capillary lumen; RBC, erythrocyte; 
En, endothelium;  Me, mesangial cell; Ep, epithelium.  Bar, 1.0 Ixm. 
when thin  sections from uninjected  rats were sequentially 
processed  for routine  postembedding  immunolabeling.  In 
other words, anti-laminin IgG, whether applied in vivo un- 
der presumably normal filtration conditions,  or in vitro to 
fixed,  embedded  kidney  sections,  bound  in  precisely the 
same distribution patterns to the GBM. When Lowicryl sec- 
tions from rats that had received injected anti-laminin IgG 
4 d previously were labeled, however, significantly less gold 
bound to the GBM. In addition, the GBM outpockets at this 
time were usually  entirely  unlabeled  with  colloidal  gold. 
This result indicates (a) that the unlabeled outpockets were 
assembled after IgG injection, and (b) that anti-laminin IgG, 
once bound to the GBM in vivo, did not redistribute in dis- 
cernable amounts to newly synthesized laminin.  However, 
even less anti-rabbit-colloidal gold bound to Lowicryl sec- 
tions from rats that had received rabbit anti-laminin IgG 14 d 
before fixation. We do not believe that this progressive reduc- 
tion in immunogold binding was due to significant levels of 
in  vivo dissociation  of anti-laminin  IgG from the  GBM, 
however, for several reasons. First, all of the antibodies used 
in this  study were afffinity-isolated  and,  consequently,  had 
been selected for their ability to combine relatively tightly 
with laminin. Second, quantitative immunofluorescence mi- 
croscopy of mature rat glomeruli labeled in vivo with anti- 
laminin IgG has previously shown that most of the bound 
IgG remains  stably associated  with  the  GBM  for at least 
several weeks (3). Immunofluorescence microscopy of new- 
born rat kidneys has also shown persistent binding of anti- 
laminin IgG to developing GBM (2). Finally, when kidneys 
labeled in  vivo with anti-laminin  IgG-HRP 4-6 d  before 
fixation were examined, HRP reaction product in capillary 
loop GBM of maturing stage glomeruli was, in areas, non- 
linear and was punctuated with numerous unlabeled sections 
of GBM. The possibility that anti-laminin IgG-HRP com- 
pletely  dissociated  from  some  lengths  of GBM,  but  not 
others,  therefore seems unlikely.  Nevertheless, patterns of 
Figure 5. Lowicryl sections from newborn rats that received intravenous injections of rabbit anti-laminin  IgG 1 h (a), 4 (b), and 14 d (c) 
before fixation. Unlike Fig. 3, a-c, these sections were treated only with anti-rabbit IgG-colloidal gold.  (a)  1 h after anti-laminin  IgG 
injection, gold binds to rabbit IgG exposed on the surface of the section specifically over the GBM as well as on the loops and outpockets 
(arrows)  beneath developing foot processes of the epithelium  (Ep).  This distribution of gold across the full width of the GBM is similar 
to what is seen with sequential labeling of kidney sections from uninjected rats (Fig. 3, a-c). (b) 4 d after injection,  less gold is present 
over the GBM, and outpockets beneath the epithelium (Ep) are unlabeled  (arrows).  (c)  14 d after injection,  even less gold binds to the 
GBM and stretches of unlabeled GBM (brackets)  are present between labeled lengths (arrows). CL, capillary  lumen; En, endothelium; 
US,  urinary  space. Bar, 0.2 ~tm. 
Abrahamson and Perry Assembly of Glomerular Basement Membranes  2495 Figure 7. Lowicryl sections from rats that received rabbit anti-laminin  IgG at 2 d of age and were then re-injected with sheep anti-laminin 
IgG at 6 (a and b) or 16 d of age (c). Kidneys were fixed 1 h after sheep IgG injection.  Sections were doubly labeled with anti-rabbit 
IgG-10 nm colloidal gold and anti-sheep IgG-5 nm colloidal gold. In a and b, only sheep anti-laminin  IgG is present within the outpockets 
(arrowheads) whereas both sheep and rabbit IgG (arrows) are present together in subjacent GBM. In c, there are lengths of GBM that 
contain only sheep IgG (brackets) interspersed with segments containing rabbit IgG (arrows). (cf. Fig. 5 c). En, endothelium; Ep, epithe- 
lium;  US, urinary  space. Bars, 0.2 ~tm. 
bound IgG clearly changed quantitatively with subsequent 
development. As discussed below, we believe that this pri- 
marily reflects the addition of newly synthesized basement 
membrane into expanding glomerular walls. 
In  further  experiments,  newborn  rats  that  had  received 
rabbit anti-laminin IgG were re-injected 4-14 d  later with 
sheep  anti-laminin  IgG and  the  different  IgGs were  then 
localized in Lowicryl sections by postembedding double im- 
munolabeling with the appropriate gold conjugates of distin- 
guishable sizes. The results showed that sheep IgG often oc- 
curred alone within the GBM outpockets and in lengths of 
apparently mature GBM that were usually flanked on either 
side with stretches of GBM containing rabbit IgG. Taken to- 
gether,  we  believe  that  the  best  interpretation  of  these 
findings is that in maturing stage glomeruli, new segments 
or patches  of basement membrane,  which  first appear by 
transmission electron microscopy as loops and outpockets 
beneath the podocytes, are spliced into existing GBM. This 
process would result in the dilution of old GBM with new, 
and,  therefore,  would explain the overall reduction  in  im- 
munogold  binding  to  sections  from  newborn  rats  fixed 
several days after in vivo GBM labeling. The interrupted pat- 
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Figure 8. Schematic diagram of the GBM assembly process occur- 
ring in glomerular development. (a) During early stages of glo- 
merulogenesis, the double basement membranes between the endo- 
thelium (En) and epithelium (Ep) become closely aligned and fuse. 
(b) With continued development, the  endothelium (En) flattens 
against the GBM and fenestrations develop. The podocytes (Ep) 
form  extensive  foot  processes,  synthesize additional  basement 
membrane material, and loops and outpockets of basement mem- 
brane appear beneath developing foot processes in maturing stage 
glomeruli.  (c) The newly synthesized GBM from the epithelium 
joins existing GBM by splicing. Multiple splicing events thereby 
provide additional GBM for expanding glomerular capillary walls. 
terns of HRP reaction product seen in GBMs of rats fixed 
several days after receiving anti-laminin IgG-HRP could be 
similarly explained. 
Mechanisms of GBM Assembly 
Based on our results and those from other laboratories (14, 
24, 26,  29), we propose the sequence of events diagramed 
in Fig. 8 for assembly of the GBM during development. Ma- 
jor features of this model are (a) the fusion of endothelial and 
epithelial basement membranes in early stages of  glomerular 
capillary  formation,  (b)  synthesis  of additional  basement 
membrane by the epithelium with continued development, 
and  (c) joining  of the  new  basement membrane with  the 
GBM by splicing. Although the mechanisms for fusion and 
splicing are not understood, they are probably mediated, at 
least in part, by specific binding interactions among the vari- 
ous basement membrane macromolecules (16, 28, 30, 31) that 
may weave basement membranes together. This mechanism 
for basement membrane formation is likely to be function- 
ally important, since the filtration of plasma by the GBM is 
occurring simultaneously with rapid expansion of glomeru- 
lar capillary walls. Thus, an increase in glomerular filtration 
surface area can be achieved by the progressive splicing of 
new  patches  of basement  membrane  into  existing  GBM. 
Splicing of newly synthesized basement membrane into ex- 
isting  matrix  may  not  be  restricted  to  developing  renal 
glomeruli, however, and may take place frequently in other 
sites during development as well as during wound healing. 
Once  the  glomerulus  has  fully blossomed,  widespread 
splicing of new basement membrane patches into the GBM 
is no longer necessary and extensive basement membrane 
outpockets beneath the epithelial podocytes are normally not 
observed in mature kidneys. However, numerous subepithe- 
lial knobs or spikes of basement membrane, which are ultra- 
structurally similar to the outpockets seen here in immature 
rats, have recently been reported in adult rats and mice with 
different forms of  experimental anti-GBM glomerulonephri- 
tis (18-20). In addition, subepithelial knobs are a relatively 
common structural feature of several human nephropathies. 
This may be due, among other possibilities, to a resumption 
of high levels of basement membrane biosynthesis by podo- 
cytes in response to injury. 
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